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SUMMARY
Cross-linking lysyl residues of brome mosaic and cowpea chlorotic mottle viruses with dimethyladipimidate at pH 8"5 in the presence of MgCI~ resulted in particles that were stable under conditions in which the viruses normally came apart. Virus substituted in the absence of MgC12 was not stabilized nor would it reassociate into normal particles. Substitution of isolated coat protein subunits did not, however, interfere with the assembly of capsids.
Bifunctional imidoesters have been useful in studying the structure of oligomeric proteins (Davies & Stark, I97O; Carpenter & Harrington, I972; Wold, I972; Lockhart & Smith, I975) . They act by introducing covalent cross-links primarily between the e-amino groups of lysyl residues but cause only minimal charge alterations below about pH 9 at the reaction site (Hunter & Ludwig, I962 ) . In the case of a monofunctional reaction, the unsecured end of the imidoester hydrolyses to amide, ester and nitrite derivatives. Because a lysyl residue has been implicated by amino acid exchange studies in the configurational changes leading to the disassembly of cowpea chlorotic mottle virus (CCMV) (Bancroft et al. I973) we wished to determine if we could stabilize CCMV, as well as the related brome mosaic virus (BMV), by cross-linking lysyl residues with dimethyladipimidate (DMA) dihydrochloride which reacts bifunctionally at a distance not exceeding 5 A. We report that this can be done and describe some of the properties of the substituted viruses.
CCMV and BMV were grown, purified and assayed as described (Hiebert, Bancroft & Bracker, I968) . Nucleic acid and native proteins were obtained from the viruses as by Bancroft & Hiebert (I967) .
The viruses and their native proteins usually at about 3 mg/ml (unless dilution curves were being run) were reacted with stirring against DMA (usually at 2 mg/ml) obtained from Pierce Chemical Company at a ratio of about Io molecules per lysyl residue in o.I Mbarbiturate buffer, pH 8"5, with or without o.oI M-MgC12 for I h at 25 °C. Portions of the samples were then dialysed overnight against various solutions (Bancroft, I97O) to test for the following: (I) normal sedimentation, o.I M-KC1, 0.02 M-acetate, pH 5"o; (2) disassembly, I-o M-NaC1, 0.o2 M-tris, pH 7"5; (3) reassociation of disassembled virus, o.oi M-KC1, o-o2 M-tris, 5 × 30-3 M-MgCI~, pH 7"4; (4) assembly of isolated protein into capsids, o.2 M-NaC1, o.o2 M-acetate, pH 5. After all treatments, the products at about 3 mg/ml were examined in a Spinco analytical ultracentrifuge with Schlieren optics.
The substituted and control virus and protein preparations were assessed for covalent polymerization on Io ~ polyacrylamide gels in the presence of SDS for 6 h at 8 mA/tube following the procedures of Weber & Osborn (I969) . RNA was monitored on 2.6 ~ gels by the method of Loening 0967) after 2½ h at 4 mA/tube. The proteins were stained with Coomassie blue and traced on a Joyce-Loebl 'Polyfrac' after destaining. The RNA was examined directly. (Fig. I a) . If MgClz was not included at p H 8"5, B M V was not stabilized (Fig. I b) nor, unlike the control, could it be induced to reassociate into normal virus particles, an aggregated product being formed. When C C M V was treated with D M A at p H 8"5 in the presence of o.oI M-MgC12, it was also stabilized. However, it sedimented as two configurational species at 66 and 7zS (Fig. ~ c) . These formed a single population under reassociation conditions. If MgCl~ was not present, a product sedimenting at 50 S was observed (Fig. I d) containing disorganized spheres of a diam. in uranyl acetate approximating that of the virus. The 5oS form became aggregated after dialysis to reassociation conditions. Fig. 2 . Tracings of protein stained with Coomassie blue from DMA-substituted (upper) and control CCMV (lower) after electrophoresis on a I0 % gel in the presence of sodium dodecyl sulphate. The mol. wt. of the protein from the substituted virus correspond to monomers (2o x Ioa), dimers, trimers, tetramers and pentamers whereas that of the control is the monomer.
BMV and CCMV reacted against DMA at pH 8"5 in the presence of MgC12 had low specific infectivities as compared to controls kept under the same ionic conditions but in the absence of DMA (Table I ). The RNAs of treated virus were, however, highly infective (Table I ) and were physically indistinguishable on 2.6 % acrylamide gels from RNA from virus not treated with DMA. These data show that inactivation was coat related and signify that covalently bonded capsids are not readily disrupted by the host as was also concluded from the properties of a mutant with a lysyl to cysteinyl replacement (Bancroft et aL I97x) .
Even though MgC12 affected how the virus capsids would respond to DMA, the polymerization patterns (Fig. a) obtained in the absence of MgC12 were the same as those found when it was present. These were clearly different from those obtained from the control virus. We have occasionally noticed dimers of coat protein from normal CCMV
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as reported by Rice 0974) and for BMV as well. We also obtained a degradation product with one-half the tool. wt. of a subunit from CCMV which had been frozen for a month.
Coat proteins isolated from the two viruses before treatment with DMA gave patterns at concentrations from o-I to 4"6 mg]ml in gels similar to those obtained when virus was treated with DMA at the same protein concentrations. This is probably a consequence of subunit diffusion during the reaction coupled with a limited number of polymerization possibilities with a divalent reagent. Isolated coat protein treated with DMA at pH 8"5 formed capsids at pH 5"o sedimenting at 52S. Unsubstituted lysyl residues are apparently not critical in the formation of capsids whereas they are in forming virus.
The use of cross-linking reagents with specific functions provides a method of identifying which amino acids are critical within certain distances in the preservation of protein structure. It is clear that certain lysyl residues are involved in preserving the quaternary structure of BMV and CCMV under conditions in which the unsubstituted virus comes apart. CCMV and BMV undergo reversible pH dependent configurational changes; at pH levels below about 6"7 they are in the compact form and at pH levels above that they are in a ' swollen' form unless MgCI~ or certain other divalent cations are present, in which case they retain a compact configuration due to the interaction of the cation with a carboxyl-carboxylate pair (Bancroft, 197o ) . It is necessary that the substitution be done on the compact form for stabilization to occur. The swollen form of BMV is not stabilized and that of CCMV is only partially stabilized. These data suggest that lysyl residues are exposed at or near the surface of adjacent structure units at or within a 5 A distance in the compact form but not in the expanded form. The expanded forms are not stabilized either because the distances are too great or because the critical lysyl residues are not exposed. Yet, the protein polymerization patterns on gels for the two forms are the same. This suggests that the probability of covalent linkages occurring between different subunits is the same in both cases but that either the intersubunit linkages involved in the expanded form are so placed that they are not involved in holding the particle together (i.e. near the outer end of the subunits) or that different subunits are connected in the compact than in the swollen form. The latter suggestion seems improbable since it implies that certain subunits are more important than others in terms of stability.
It would seem that the most convenient way in which a T = 3 lattice virus would assemble would be from trimers. However, hydrodynamic estimates of the mol. wt. of isolated coat protein of BMV (Stubbs & Kaesberg, 1964; Pfeiffer & Hirth, 1974) indicate that the subunits exist as dimers and our cross-linking data are not consistent with trimerization if the simplest bonding assumptions are made. Nonetheless, our data do show that it is possible to stabilize BMV and CCMV through lysyl residues and identification of these will be of considerable value in determining which parts of the subunit surfaces are close enough to interact.
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